determined by biplane quantitative coronary arteriography in three groups: Group 1 consisted of 14 patients with normal total serum cholesterol of <200 mg/100 mL; mean, 173 mg/100 mL (mean age, 51 years). Group 2 comprised 23 patients with a slightly elevated cholesterol of 200 to 250 mg/100 mL; mean, 223 mg/100 mL (mean age, 53 years). Group 3 had 24 patients with markedly elevated cholesterol of >250 mg/100 mL; mean, 288 mg/100 mL (mean age, 54 years). Serum cholesterol levels and categorical risk factors such as positive family history, history of hypertension, smoking, obesity, and diabetes were related to exercise-induced vasomotor response. The three groups did not differ with regard to clinical characteristics, exercise work load, and hemodynamic data measured during exercise. However, delta-ex in normal vessels was significantly different between all three groups (ANOVA, P<.01): +31% (group 1), +18% (group 2), and +4% (group 3). Delta-ex in stenotic vessels did not differ between the groups: -5% (group 1), -13% (group 2), and -12% (group 3). Delta-ex of the nonstenosed vessel correlated significantly and inversely with total cholesterol, with low-density lipoprotein cholesterol, with the ratio of total to high-density lipoprotein cholesterol, and with the number of coronary risk factors present in a patient. High total cholesterol and a history of hypertension were independent risk factors for impaired coronary vasomotion.
Conclusions. In patients with and without coronary artery disease, hypercholesterolemia and a history of hypertension independently impair exercise-induced coronary vasodilation in angiographically normal coronary arteries. In the stenotic vessel, vasomotion during exercise does not appear to be influenced by the actual serum cholesterol. The precise mechanism by which the impaired vasomotion of the angiographically normal coronary arteries is mediated is unknown, but a direct negative effect of hypercholesterolemia on 
Quantitative Coronary Arteriography
Quantitative evaluation of biplane coronary arteriograms was performed with a semiautomatic computer system based on a film projector (Tagarno A/S filmprojector, Horsens, Denmark), a high-resolution CCD camera (slow-scan couple device camera, Institute for Biomedical Engineering, Zurich), and a computer workstation (Apollo DN3000 computer workstation, Apollo Computer AG, Wangen, Switzerland). The system and the methodology for computerized analysis of coronary arteriograms have been described previously.22-24 The reproducibility of luminal area measurements in coronary arteriograms has been reported to have an interobserver variability of 4.1% (standard error of estimate in percent of the mean vessel crosssectional area) and an intraobserver variability of 2.1%. The standard error of estimate for repeated measurements by one observer was 0.072 mm2 in luminal area, and the standard error of estimate for interobserver variability was 0.137 mm2. 22 Quantitative analysis was performed in a normal vessel segment of a coronary artery unaffected by luminal irregularities or stenoses. In the 48 patients with coronary artery disease, a stenotic vessel segment was evaluated as well. Measurement sites were selected on the basis of the following criteria: (1) sufficient filling of the vessel with radiographic contrast medium, (2) highquality end-diastolic film frame without movement artifacts, (3) straightness of vessel segment to be analyzed, and (4) biplane x-ray views fulfilling criteria (1) Exercise work load (absolute values and percentage of the age-, sex-, and height-corrected normal values) in the upright position was normal in all three groups. The frequency of angina pectoris developing during exercise did not differ among the three groups. In the supine position, exercise work load was lower but similar in the three study groups. Changes in heart rate, mean pulmonary artery pressure, and mean aortic pressure during exercise and after sublingual nitroglycerin administra- (Fig 1A) . These differences were significant among all study groups. Figure  1B shows absolute values of cross-sectional areas in all patients of the different study groups measured at rest, maximum exercise, and after sublingual nitroglycerin. Comparing coronary vasodilation in normal vessels within each group between patients with and without coronary artery disease showed the following: +37±31% (n=9) and +19±8% (n=5), respectively, in group 1 (NS); +15±12% (n=17) and +26±12% (n=6), respectively, in group 2 (NS); and +2±12% (n=22) and +14±13% (n=2), respectively, in group 3 (NS). Sublingual administration of nitroglycerin was associated with a similar increase in vessel size in all three groups, although vasodilation was slightly less in group 3 or 2 than 1 (Fig 1B) .
Stenotic vessels were similar in size, with a mean percentage area stenosis of 58% to 77% in the three different groups. In contrast to the normal vessel segments, all three groups showed exercise-induced vasoconstriction ranging between -5% and -13%, with no significant differences between the three groups. Fig 1C shows (Fig 2) , LDL cholesterol (Fig 3) , ratio of total cholesterol to HDL cholesterol (Fig 4) , and ratio of LDL cholesterol to HDL cholesterol, respectively, and exercise-induced vasomotion. There was also a significant correlation between the mean exercise-induced vasomotor response and the number of coronary risk factors (Fig 5) ography. Since no histological proof for the presence or absence of an atherosclerotic lesion of the "normal" vessels was available in our study, the interpretation of an exclusive change of endothelial function remains speculative in our patients with normal epicardial coronary arteries but with evidence of atherosclerosis elsewhere in the coronary system; however, within each of the three groups, the degree of exercise-induced vasodilation in these angiographically normal arteries of patients with coronary artery disease was not statisti- Structural changes of the vascular endothelium. The basis for the development of atherosclerosis is damage to the arterial endothelium with accumulation of lipids, adhesion of monocytes, and platelet aggregation. Release of various growth factors leads to the later migration and proliferation of smooth muscle cells.29 An accelerated form of this proliferative process can be induced by a more denuding, deeper endothelial injury as it occurs during percutaneous transluminal coronary angioplasty, in patients undergoing coronary bypass grafting, or by an immune injury such as in patients undergoing heart transplantation.30 These chronic changes of coronary artery wall structure are known to be associated with profound functional impairments such as exercise-induced vasoconstriction. The nature of this phenomenon has not yet been elucidated1'5'7"11 but appears to be either related to endothelial dysfunction with impaired release of endothelium-derived relaxing factors, a Venturi mechanism with collapse of the atherosclerosis-free vessel wall within the stenosis, catecholamine-induced vasoconstriction, and/or enhanced platelet aggregation during exercise with release of thromboxane A2 and serotonin. An effect of hypercholesterolemia on coronary vasomotor response of the stenotic lesion (Fig 1C) was, however, not observed in the present study, suggesting that chronic, structural changes associated with atherosclerosis are probably not dependent on the actual serum cholesterol level. Thus, two different mechanisms of hypercholesterolemia in the pathophysiology of coronary artery disease must be postulated: (1) a direct (toxic) effect of cholesterol on the endothelium of the coronary arteries and other vessels not prone to atherosclerosis such as arteries of the forearm (functional disorder) and (2) a more chronic effect of cholesterol on the development of atherosclerosis with an abnormal response of the stenotic vessel segment to exercise that is not influenced by the cholesterol level (anatomic or structural disorder).
Influence of Other Risk Factors on Coronary Vasomotion
In the present study, a history of hypertension was the only coronary risk factor other than hypercholesterolemia that independently predicted abnormal coronary vasomotor response to exercise. This finding is in agreement with experimental studies in animals where chronic and also acute elevation of blood pressure disturbed endothelium-dependent vasodilation.39 Furthermore, a very recently published clinical study has demonstrated impaired coronary blood flow increase to acetylcholine in hypertensive patients. 40 Vita and coworkers,12 in a study on the influence of multiple risk factors on coronary vasomotion in humans, have not found such a relation. The same group has, however, demonstrated recently41 that there is a relation between attenuated coronary vasomotor response to acetylcholine and the presence of hypertension.
Study Limitations
In the present study, total and HDL cholesterol values were determined on the basis of a single specimen measurement (two measurements per specimen). The total intraperson coefficient of variation (combination of intraindividual biological coefficient of variation and analytical coefficient of variation) in our clinical chemistry laboratory amounts to 5% for total cholesterol and to 7% for HDL cholesterol. Similar values have been reported in the literature. 42 Since this was a retrospective study, only one specimen per patient at the time of catheterization was available.
Conclusions
This retrospective analysis demonstrates an inverse correlation between total serum cholesterol level or LDL cholesterol and exercise-induced vasomotor response in angiographically normal coronary arteries. Moreover, exercise-induced vasomotion can be predicted by the ratio of total cholesterol to HDL cholesterol or by the ratio of LDL cholesterol to HDL cholesterol. Apart from the total cholesterol level, a history of hypertension is another independent predictor for the amount of exercise-induced coronary artery vasomotor response. The number of coronary risk factors is strongly and inversely related to exercise-induced vasomotion. Total cholesterol level and other coronary risk factors are not related to exercise-induced vasomotion of stenotic coronary artery segments.
